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Abstract
Hydration of the surface of a periclase refractory was studied in a controlled humidity atmosphere (92% relative humidity) at 26 8C for up to
92 h. The effect of humidity on the specimens was examined using a scanning probe microscope (SPM) and a scanning electron microscope
(SEM), which showed that the degree of hydration was noticeably less in the intergranular bond phase compared to the periclase crystallites. The
SPM study indicated significant growth of hydrates on the refractory grain surface. Growth rate of the hydrate layer was least on (0 0 1) orientation,
higher for the (1 0 3) orientation, and highest for the (1 0 1) oriented grain. The rate of loss of refractory phases by hydration on a (1 0 1) oriented
grain was 4.53 nm/h. This material loss may be insignificant for a bulk brick, but is a serious threat for a magnesia castable consisting of fine
magnesia powder due to large surface area exposed to humidity or water itself.
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Magnesia (MgO) or the mineral form periclase is one of the
most important refractory materials primarily because of its use
in steelmaking. Periclase has a melting point over 2800 8C,
along with high temperature thermodynamic stability, which
makes it a good candidate as a raw refractory material [1–3]. It
is also available in relatively high purity in tonnage quantities at
a low price. Like calcia, it suffers from hydration upon storage
in moist environments, but to a much less extent [4]. This
problem has seriously limited the refractory use of lime, which
would otherwise be a very good refractory material. If the
microstructure of a polycrystalline periclase grain is examined
using the reflected light optical microscope, crystallites of
periclase will be observed as randomly distributed equiaxed
grains. If the same observation is repeated after a period of time,
hydration of the surface during storage will be evident. It has
been noted that different crystallites of MgO hydrate at
different rates [5–7]. Moisture in the air reacts with MgO to* Corresponding author. Tel.: +90 232 750 6705; fax: +90 232 750 6701.
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doi:10.1016/j.ceramint.2010.02.043form Mg(OH)2, which forms a film layer on the surface of the
refractory. This layer has a low refractoriness and easily
dissociates upon exposure of the refractory to high tempera-
tures or mechanical abrasion. Periclase refractories contain
impurities like Ca, Si and Fe; which tend to segregate at grain
boundaries [2,8]. Phases MgO can form include forsterite
(2MgOSiO2), merwinite (3CaOMgO2SiO2), monticellite
(CaOMgOSiO2), dicalcium silicate (2CaOSiO2) and trical-
cium silicate (3CaOSiO2); depending on the CaO/SiO2 ratio of
the grain boundary phase [2,8–10]. Phases containing iron like
MgOFe2O3 and 2CaOFe2O3 are less frequently observed. Iron
generally goes into solid solution with magnesium containing
phases [9]. However, a major portion of the surface area of the
refractory exposed to humidity is MgO, which comprises
greater than 90% of the exposed surface material. In a previous
study by Sutcu et al., the effect of crystallographic orientation
of the individual grains was studied using scanning probe
microscope (SPM) and scanning electron microscope (SEM)
[7]. Those crystallites oriented along (1 1 1) were found to be
the most vulnerable to hydration. A microstructural study of the
hydration behavior of the grain boundary phases and magnesia
grains of a polycrystalline magnesia refractory has not been
reported in the literature. Research has been conducted on
single crystal samples [5–7,11,12], while polycrystalline
refractory samples were not studied. Salomao et al. studiedd.
Fig. 1. Reflected light optical microscope DIC (Differential Interference
Contrast) image (200) of polished periclase refractory specimen (marked
region evaluated by SPM and SEM) before exposure to the controlled humidity
atmosphere at 26 8C.
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refractory; evaluating changes in strength, porosity, volume
expansion and the drying rate of the bulk of the refractory
castable product [13]. While this study did not address
microstructural issues regarding hydration of magnesia, it
contributed to the understanding of the bulk behavior of a
castable made of fine powdered magnesia in contact with water.
Large areas of magnesia were exposed to H2O.
In a previous study by the authors [7], the hydration behavior
of MgO single crystals was investigated. In this study, a
commercial polycrystalline MgO refractory specimen was
studied under similar humid conditions to understand how
intergranular bond phases and randomly oriented MgO grains
behave in a fired refractory sample. Images obtained from SEM
are compared to those of SPM to observe how hydration
progressed with time in a humid environment.
2. Experimental procedure
A sample (4 mm  8 mm  8 mm) from the interior of a
commercial sized periclase (magnesia) refractory brick (Kumas,
Turkey) was prepared by cutting it with a diamond disc saw. The
brick’s chemical composition is given in Table 1. A cut surface of
the sample was mechanically polished dry using SiC grinding
papers and polishing cloths with oil based diamond suspension
and 0.05 mm alumina suspension to a mirror finish. Micro-
structure was observed in a reflected light optical microscope
(Nikon L150), then the surface morphologies were examined
using a scanning probe microscope (Solver Pro from NT-MDT,
SPM) and scanning electron microscope (Philips XL-30SFEG,
SEM). The DIC (Differential Interference Contrast) mode of the
optical microscope was used to observe surface relief on the
polished sample. Another SEM was used to measure grain
orientation by Electron Backscatter Diffraction (EBSD) analysis
(Zeiss Supra 50VP-Oxford Instruments). Polished surface were
exposed to hydration in a humidity chamber with a 92% relative
humidity (RH) at ambient temperature of 26 8C for up to 92 h.
After exposure, the hydrated sample’s polished surface was
evaluated using both SPM and SEM. A grain intersection area
which formed a triple grain junction on the sample was scanned
in SPM on a 15 mm  15 mm surface area using semi-contact
mode. In this imaging mode the cantilever probe is given an up
and down tappingmotion over the surface of the sample to obtain
the surface profile. Hence surface height variations were
measured. The sample surface roughness measurements were
performed by a program module for processing and analysis of
SPM images and SPM data (Image Analysis 2.2.0, NT-MDT).
The same hydrated sample and its triple grain junction was then
investigated by SEM.Table 1
Published average chemical composition of the periclase grains.
Chemical composition (wt%)
MgO SiO2 CaO Fe2O3 Al2O3
96 1.00–1.25 1.80–2.20 0.50 0.103. Results and discussion
An optical microscope image of the polycrystalline periclase
specimen before humidity exposure is shown in Fig. 1. The
largest magnesia grain sizes found in the sample were
around 100 mm. The intergranular bond phase along the
grain boundaries of magnesia was a glassy monticellite
(CaOMgOSiO2) with a hardness less than magnesia [8,14].
The area evaluated using SPM and SEM analysis is marked by a
square in Fig. 1. Fig. 2 shows the EBSD (Electron Backscatter
Diffraction) measurement result for this area in Fig. 1. The
orientations of the three grains in this area were determined to
be (1 0 3) for grain 1, (0 0 1) for grain 2 and (1 0 1) for grain 3.
The three magnesia crystallites shown in Fig. 1 were
unequally affected by humidity in the air at 26 8C. Fig. 3 shows
three-dimensional SPM images of the region marked by a
square in Figs. 1 and 2 at different exposure times to the 92%
RH at 26 8C. The physical effect of exposure time and humidity
is clearly observed, with surface changes occurring because of
the formation of magnesium hydroxide clusters, which
increased with increasing exposure time. The initial as-polished
surface was quite clean, as can be seen from Fig. 3a. After 1 h
exposure at 92% relative humidity (RH), hydrate clusters on the
grains began to form (Fig. 3b). It is of interest to note that the
intergranular bond phase of monticellite was less affected by
humidity compared to the periclase grains. After 92 h of
exposure at 92% RH at 26 8C, the surfaces of the hydrated
grains were extensively covered by a hydrate layer (Fig. 3c).
The visible ‘‘hole’’ in the middle of the triple grain junctionBulk density (g/cm3) Periclase crystallite size (mm)
LOI
0.20 3.40 60–80
Fig. 2. The EBSD (Electron Backscatter Diffraction) image of the region that is marked by a square in Fig. 1.
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a preexisting pore.
Average surface roughness values for each grain; indicated
by points 1, 2 and 3 in Figs. 2 and 3 for the different exposureFig. 3. 3D SPM images of the region marked by a square in Fig. 1 used to
evaluate different exposure times at 92%RH and 26 8C: (a) as-polished surface,
(b) after 1 h, and (c) after 92 h. The labels 1, 2 and 3mark different grains whose
surface roughness is measured in Table 2.times; is listed in Table 2. For surface roughness terminology in
SPM, the reader is referred to reference [15]. As-received grain
2 had the highest surface roughness, possibly due to different
planar density on this particular orientation. After exposure to
humid air (92% RH, for 92 h) magnesia crystallites were
unequally affected because each had a different crystal-
lographic orientation (Fig. 2). As indicated by surface
roughness, some periclase grains showed a higher tendency
to hydrate than others. It is noted that the grain labeled 3 was the
most impacted by humidity, possessing the roughest surface
after 92 h. As can be seen from Fig. 3c, all grains were coatedFig. 4. (a) The SEM image of different magnesia refractory surface after 92 h at
92%RH at 26 8C and (b) closed-up view of the triple grain junction area marked
by a square above.
Table 2
Surface roughness analysis of periclase grains marked in Fig. 3 after different exposure times to a 92% RH at 26 8C. Please refer to Ref. [15] for surface roughness
terminology used in describing SPM images.
Humidity exposure time Polished surface 1 h 92 h
Grain code number (1) (2) (3) (1) (2) (3) (1) (2) (3)
Grain orientation (1 0 3) (0 0 1) (1 0 1) (1 0 3) (0 0 1) (1 0 1) (1 0 3) (0 0 1) (1 0 1)
Surface roughness
analysis (nm)
Amount of sampling 3055 3087 3055 5103 6572 5184 5148 7372 8742
Maximum (nm) 923.9 1259.5 1142.7 949.4 1311.4 1188.7 1132.4 1501.5 1835.0
Minimum (nm) 761.2 1050.3 1034.2 755.9 973.9 1043.9 875.7 1020.9 1104.1
Peak-to-peak, Ry (nm) 162.8 209.2 108.5 193.4 337.4 144.7 256.6 480.6 730.9
Average height (nm) 850.6 1150.5 1085.3 867.2 1148.9 1107.8 961.4 1204.8 1502.4
Average roughness, Ra (nm) 28.5 37.6 19.8 33.3 56.0 22.1 50.6 100.9 106.2
Root mean square, Rq (nm) 34.7 45.3 23.5 40.9 68.3 27.5 58.5 115.2 129.4
Fig. 5. (a) The SEM image of the hydrated surface after 92 h and SPM images
of magnesium hydroxide clusters in a grain after (b) 92 h and (c) 1 h of exposure
at 92% RH at 26 8C.
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grain surfaces of grains 1, 2 and 3, being 111 nm, 54 nm and
417 nm at 92% RH after 92 h, respectively.
In a previous study [7], it was shown using SPM and SEM that
crystallographic orientation has an important influence on
hydration degree of the MgO, and that the (1 1 1)-oriented
MgO surface is more sensitive to humid atmosphere than the
others. Refson et al. showed that water molecules physisorb
readily on the perfect MgO (0 0 1) surface, while dissociative
chemisorptionofwater (placingOHgroupabove theMgionand
H+ above the surface oxygen) is energetically favored at low-
coordinated surface defect sites only [5]. Therefore, surface
hydroxyl groups cause surface growths in the form of protrusions
consisting of poorly ordered hydroxide. This is thought to be
because thepresenceofH+on the surfaceofMgO(1 1 1) creates a
surfacewith the samestructure as theMg(OH)2 (0 0 0 1)cleavage
plane,and that this structuremaystabilize theMgO(1 1 1)surface
[5]. It is known that MgO has a higher tendency to hydrate when
the atoms on the plane have a coordination number of 3, and a
lower tendency to hydrate for a coordination number of 5 [6].
In this study, the most affected grains based on visual
appearance and surface texture measurements tended to be the
(1 0 1)-oriented MgO grains (Fig. 3c). The effect of crystal-
lographic orientation on periclase hydration is clearly shown in
the SPM image of Fig. 3 and SEM image of Fig. 4. Surface
hydration rates of these three grains shown in Fig. 1 are
calculated from Table 2 and are given in Table 3. These values
were calculated using the average height from the as-received
sample’s polished surface. The results indicated that the (0 0 1)
grain hydrated at a rate of 0.59 nm/h, while the (1 0 1) grain
hydrated at 4.53 nm/h. Because this was a randomly selected
area on the specimen, a grain oriented at (1 1 1) could not be
found. These hydration rates were compared in Table 3 withTable 3
Hydration rates (nm/h) of the marked grains calculated according to average
height from Table 2.
Grain orientation Previous study [7] This study
(0 0 1) 0.57 0.59
(1 0 1) 1.33 4.53
(1 1 1) 3.91 Not available
(1 0 3) Not available 1.20
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crystals of the same orientation [7]. It was noted that the
hydration rate for polycrystalline refractory specimen showed
higher rate of hydration than single crystal specimens. This
increase in hydration could be attributed to the effect of
impurities in the commercial refractory specimen, although
other factors may influence it.
Fig. 5 shows the SEM and SPM images of magnesium
hydroxide clusters on samples treated with 92% humidity for
92 h at 26 8C. After initiation of hydration, small magnesium
hydroxide clusters started to grow, with their sizes increasing
with time. Water tends to condense on the MgO surface in the
form of spheres, which forms the clusters of hydrated areas
observed in the image. When small hydroxide clusters were
very near each other, they tended to coalesce into a larger
cluster. Circular shapes of the clusters and their isolated
positions suggest that the wetting angle between MgO and H2O
was not low. Hydration was more pronounced inside the
circular cluster compared to the rest of the specimen surface.
The rate of loss of refractory phases by hydration varied
from 0.59 to 4.53 nm/h under 92% humidity, depending on the
crystal orientation of the three grains studied (Table 3). This
much of material loss may be insignificant for a bulk brick, but
can be a serious threat for a magnesia castable consisting of fine
magnesia powder due to the large surface area exposed to
humidity or water.
4. Conclusions
It was found that magnesia crystallites were significantly
influenced by humidity at 26 8C. The crystallographic
orientation of magnesia crystallites for the samples studied
was found to affect the degree of hydration in a humid
atmosphere. Large magnesium hydroxide clusters were formed
on the surfaces of magnesia grains after hydration. After long
time periods of exposure to moisture, it was observed that the
magnesia polycrystalline grains were hydrated at a rate up to
4.53 nm of thickness per hour. It was found that MgO grains
oriented at (1 0 1) were hydrated faster compared to (0 0 1) and
(1 0 3). This amount of material loss may be unimportant for a
large brick, but can be a serious threat for a magnesia castable
which consists of fine magnesia powder in contact with water.
Intergranular bond phase of monticellite was less prone to
hydration than the periclase grains.Acknowledgement
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